Abstract-Electrical cell-substrate impedance sensing (ECIS) is a valuable tool for real time monitoring of cell behavior such as attachment, mobility, and growth. To employ ECIS, the cells need to attach, spread and proliferate on the sensor in the presence of adhesion-promoting protein that mimics the extracellular matrix (ECM) of the cells. For cell attachment, collagen I, Bovine had been used as the coating substrate. In this study, four designs with varying electrode distances had been measured to detect the changes in impedance values of Lung Carcinoma cell lines (A549). The impedance change due to the cell growth and attachment was modeled as an equivalent circuit consisting of resistors and capacitors of both the cell culture media and the cells. The impedance measurements were measured every 8 hours for 120 hours at frequencies of 100Hz to 10MHz using Agilent Precision Impedance Analyzer 4294A. The experimental results have shown that the closest distance of the electrode gave the most optimum impedance value for A549 cancer cell's measurement. The cancer cells were also treated with a chemotherapeutic drug, Taxol and its impedance response was monitored over 5 days. Experimental results show that there is significant reduction in impedance when the cancer cells were exposed to Taxol, indicating that the cells are no longer adherent to the sensor's surface or are dead.
I. INTRODUCTION
Each year, the number of cancer cases and its mortality rate increase globally. In 2012, 8.2 million estimated deaths had been reported due to cancer [1] . The most common cancers amongst humans are lung, liver, stomach, colorectal and breast cancers. The highest percentage of death (19.4%) from overall reported deaths due to cancer was caused by lung cancer. In Southeast Asia itself, lung cancer is the leading cause of cancer death with mortality rate of 95 deaths per 100,000 people [1] .
There are two types of lung cancer; namely small cell lung cancer and the most common one, non-small cell lung cancer [2] . A549 lung cancer cells are one of the examples of nonsmall cell lung cancer that is found in humans [3] . Chemotherapy is one of the common treatments preferred by doctors and patients. Chemotherapy involves drugs infused into the patient's body to weaken, stop or kill the cancer cells.
Paclitaxel or Taxol is one of the approved drugs to be used for treating non-small cell lung cancer [5] . It is effective in killing rapidly growing cells such as lung cancer and breast cancer and is grouped under the mitotic inhibitors type drugs which can stop the mitosis process of the cells by preventing production of proteins needed for the cancerous cells to grow [4] . Previous review stated that paclitaxel tested on non-small cells lung cancer patients shown improvement in patient survival and quality of life compared to some other drugs used. A suitable amount of doses given may also minimize the side effects and making it become cost-effective [6] .
Monitoring of cancer cells is important to study the cells response to treatment or exposure to drugs. Cell-based biosensor, also known as cytosensors is one type of biosensor that specifically uses living cells as its sensing element. This kind of sensor is usually studied due to its ability to detect for any changes in the physiological state of the cells which can be affected by internal or external environment [7] . Cell-based biosensors have been commonly used in different research experiments due to its high sensitivities, fast responses and real-time capabilities. Previous studies have used this type of biosensors to monitor primary cardiomyocyte adhesion [8] , chicken embryonic fibroblasts, DC-1 cells [9] , bacterial cells [10] , and evaluation of breast cancer cells line, HS 78T [11] .
In this paper, we present a printed circuit board sensor with electrodes of varying widths that can measure the adhesion of lung cancer cells to the substrate. The cell's adhesion strength and coverage of the electrodes is directly proportional to the impedance measurement, with higher impedance indicating higher coverage of the electrodes by cells and strong adhesion to the substrate. The aim of this study is to find the optimum electrode spacing to be used to monitor A549 cancer cells. An equivalent circuit model that can be used to describe the impedance of cells was also described based on the measurements. The cells were then exposed to Taxol and its electrical response was recorded.
II. IMPEDANCE SENSING BIOSENSOR
Electrical Cell-Substrate Impedance Sensing (ECIS) is a term coined by Giaever and Keese that refers to the study of cells based on their attachment to the substrate (electrodes) [13] [14] . The main concept of ECIS lies is that all living cells have their own charge. The ability of a living cell to control the exchange of electrically charged ions across the membrane can be used to measure the cell attachment and spreading in terms of impedance versus time at different frequencies. The cells will attach and spread on the electrode, which hampers current flow from the electrode into the electrolyte, increasing the electrodes' overall impedance. The cells act like dielectric particles due to their membrane's insulating properties, causing an increase in impedance values with the increase in the cells coverage on the electrode [15] .
The ECIS technology has been used to investigate cellular growth and death, cell adhesion and migration, cell invasion and cell-cell interactions, cell toxicity, angiogenesis, cell permeability, signal transduction and cellular behavior under flow conditions [16] . The main advantages of the system is that it provides a real time monitoring measurement without damaging the cells and can be monitored in short and long period of times continuously, label free and non-invasive [17] .
The environment for in vitro mammalian cell culture studies must always mimic the environmental condition in vivo [18] . The nature of the surface on which cells are cultured, plays an important role in their ability to attach, proliferate, migrate and function. Components of the extracellular matrix are often used to coat glass or plastic surfaces to enhance cell attachment in vitro [19] . There are two types of extracellular matrix (ECM) which are the natural biological material such as fibronectin [9] [20] [21] , Laminin [21] , collagen [20] [22] , and gelatin [23] , and the second one is the conjugated or conductive polymer such as poly (3,4-ethylenedioxythiophone) (PEDOT) and polypyrrole (PPy) [24] , polyethyleneimine [25] and polyaniline (PANi) [26] . In this study, we had chosen Collagen I, Bovine as our cell attachment factor.
Price, Rahman, and Bhansali [27] studied the optimization of microelectrodes design for the use of ECIS. They studied the effect of changing different design of electrode based on few criteria such as the electrode sensor area, lead trace widths, and coating thickness. It has been experimentally proven that the microelectrodes measurements can be optimized by reducing the coating area or increasing the coating thickness in order to remove the high-frequency coating component. Increasing the number of electrode fingers and finger widths for the sensor also helps in producing a more sensitive electrode. Details on materials, methodologies and procedures used for this study will be discussed in the next section.
III. MATERIALS AND METHODOLOGIES

A. Materials
Collagen I, Bovine were purchased from Gibco (Paisley, UK) and Acetic Acid were purchased from Merck (Germany). All other chemicals that are used in this study were obtained commercially and classified as reagent grade.
B. Cell Culture
Lung Carcinoma cell lines, A-549 (ATCC® CCL185™) were obtained from the American type Culture Collection (ATCC, Manassas, VA, USA) and were routinely cultured in Dulbecco's Modified Eagle Medium, DMEM (Gibco, Paisley, UK) supplemented with 10% (v/v) heat inactivated fetal bovine serum (FBS; Gibco), and 10% concentration of antibiotics. The A549 cells were maintained under standard cell culture in CO 2 incubator at 37 °C in an atmosphere of 5% CO 2 .
C. Electrode fabrication
Based on the original design from the previous studies [9] , the copper electrode was fabricated on the printed circuit board by using simple PCB fabrication method. There are two types of circuit board which is positive board and negative board. For this study, positive board has been chosen as it is simple, easy and less fabrication steps compared to the negative board. For this study, four different designs of electrode which were varied in their distances between the electrodes designs were studied (Fig. 1) . These four designs were tested in order to find the effect of changing the distance between electrodes towards the sensitivity of the sensor. 
D. Preparation of the thin coating film
The collagen I, Bovine was diluted to 50 mg/L in 0.02 M acetic acid at the final volume needed. Then the solution was added on the biosensor at 200 µg per cm¬¬2. The biosensor was then incubated at room temperature for 1 hour. Excess solution of the collagen was aspirated from the biosensor carefully. Prior to plant the A549 cells on the biosensor, the biosensor was rinsed first with Phosphate Buffer (PBS) for about three times to remove the acid.
E. Cell Attachment into Impedance Biosensor
The ready coated electrode will be washed with Phosphate Buffer for 3 times to remove the acid. About 1x10 5 cells/ml lung cancer cell lines were added to each well and attachment was allowed to proceed for 120 hours at 37 o C/ 5% CO 2 . The impedance reading was taken in every 8 hour intervals.
F. Impedance measurement of cell attachment and spreading
The impedance was taken at frequency of 100Hz to 10MHz for 120hours with 8 hour intervals by using the Agilent Precision Impedance Analyzer 4294A. A pure sinusoidal AC signal voltage of 10 mV amplitude (peak-to-peak) was applied on the board. The result was analyzed in terms of the impedance value, Z, versus time to find for the most sensitive design and then to find for the optimum frequency. The impedance analyzer gave two measurements; the real part of the impedance and also the phase of the impedance. The data was collected and analy zed to model the equivalent circuit for the whole system. Experimental setup can be seen in Fig. 2 below: Fig. 2 . Experimental Setup
G. Drug treatment
The optimum frequency together with the optimum design that had been selected from the untreated experimental tests was used for this part. The drug used for cytotoxicity testing is the Paclitaxel or known as Taxol (Gibco; Paisley, UK). The final concentration of Taxol with IC50 value 0.857µg/ml was administered immediately to the cell suspension prior to cell seeding over the electrode wells [7] . Graph impedance versus time was plotted and compared with the graph for the untreated one.
IV. EXPERIMENTAL WORK
A. Experimental Results
For the experimental part, the data obtained from the impedance analyzer were in the formed of impedance magnitude, |Z| and impedance phase, θ. Relation between magnitude, phase, resistance and capacitance can be summarized into equation describing the relationship can be defined as in (1) and (2):
From these equations and from the data obtained from impedance analyzer, both resistance and capacitance of cells can be calculated in order to design the equivalent circuit modelling later on. The calculation will be explained in (6) and (7) in the next section.
In order to analyze the impedance results, a growth curve has been constructed from a growth profile studies done on lung cancer cells, A549. This kinetic study was used to compare with the impedance results at the time the cells are at the optimum point and in close trend with the growth curve. The impedance measurements achieved for the four designs were as below: As can be seen, from the entire plot of Fig. 3, 100Hz showed the most suitable frequency in all designs. At low frequencies, most of the current can only flows under and between cells.
Since cells started attaching and growing on electrode, this will restricted the amount of current flowing from electrode to the surrounding. The decrease of current flowing results in higher impedance measurement as shown in Fig. 3 . On the opposite side, at high frequencies, current can capacitively coupled with cell membranes thus allowing it to flow through the cells [14] . Therefore, more current can flow through the system making the impedance less compared to lower frequencies. To see clearly which designs gave the best impedance results, Fig. 4 was constructed.
Fig. 4. Graph Comparisons for Each Design at 100 Hz
The total impedance measured using Design 1 with the distance between electrodes is 0.26mm, shows high resistance compared to others. Higher impedance value means higher sensitivity because each biological event occurred can be monitored closely by obvious impedance change compared to low impedance detection. Lower distance between electrodes proved to be the most sensitive design because optimization of the electrode spacing can results in more penetration depth of electric field focused on the cells instead of the media [11] . This explains why the closer distance between electrodes shows increasing result of impedance. Besides, among all of the different distance, the first designs also showed the similar trend as the A549 growth curve. The comparison between two can be seen clearly from Fig. 5 below. For the chemosensitivity test, the procedure was done on the first design which is the design with the lesser distance compared to the other three designs and it was done by using 100Hz frequency. Then, from the drug testing procedure using Taxol on A549 cancer cell lines, the function of impedance versus time is shown as below: Under normal condition without cells, current can easily flow directly from surface of electrode to the other electrode's surface through the liquid (media). At this time, the impedance value is solely based on the resistivity and conductivity of the liquid. When cells cultured start to attach on the electrode surface, they restricted current from flowing to the surrounding media thus increasing the impedance of the whole system. In a low frequency environment, current could not couple through the membrane of cells therefore the only possible way for current to flow is through the gap between cells. Each adhesion process occurred will slowly increase the impedance of the whole system [29] [30] . In addition, cells will de-attached from the electrodes once they are dead making the current can easily flow back without any restriction.
From Fig. 6(B) , the results showed that the value of impedance is decreased over time for the cells that was treated with drug. This differs to that of the untreated cells which shows an increase in the impedance value in Fig. 6(A) . Therefore, it can be said that this design is compatible with addition of drug.
The drug used, Taxol is categorized under mitotic inhibitors drugs which prevent the protein's production of the cancer cells that needed in mitosis process for the growth of cells. This drug does not directly attack and kill the cells but rather prevent the growth of cells and making the cells die naturally. Therefore, a correct amount of dose is needed to fully kill the cells. In Fig. 6(B) , the impedance drops shows that the tremendous cells died within the first 20 hours were due to the effect of the drug. However, the amount of dose used was unable to kill all the cancer cells thus making it starting to attach and grow back on the electrode.
B. Equivalent Circuit Modelling
Capacitance and resistance are the most common components that build the biosensor. In order to design the electrode, a model equivalent circuit was studied. The main components taken into consideration in this design were divided into four, namely Electrolyte/Solution Resistance (R sol ) [28] , Charge Transfer Resistance (R ct ) [28] , Double Layer Capacitance (C dl ) [10] and Parasitic/Coating Capacitance (C par ) [10] . In addition, two other components came from growth of the cell which in this study interpreted as Capacitance of cells (C cell ) and Resistance of cells (R cell ).
1) Electrolyte/Solution Resistance (R sol ) Solution resistance is a resistance exists between counter and reference electrodes which is depending on the concentration and type of ions of the solution used, geometry of the electrodes and temperature. This resistance can be represented as (3) Where ρ is resistivity of DMEM, l is length of electrodes and A is area of electrodes.
2) Charge Transfer Resistance (R ct ) Charge transfer resistance is formed by a single kineticallycontrolled electrochemical reaction. Since the metal electrodes were immersed into electrolyte, it would be expected that the metal would have been slowly dissolved into the solution, forming ions. This process required transfer of charge and in equilibrium system, the equation can be defined as (4) Where R is gas constant, T is temperature, n is the number of electrons involved, F is Faraday constant, and i o is the exchange current density of copper.
3) Double Layer Capacitance (C dl ) This capacitance exists between the surfaces of the electrode with the surrounding electrolytes. Since there were charges inside the electrodes and there were also charges inside the electrolyte but separated by the small surface of electrodes (insulator), therefore a double layer capacitance is formed. The value can be varied ranging from 20 µF to 60µF for every 1cm2 area.
4) Parasitic/Coating Capacitance (C par ) Parasitic/Coating capacitance exists due to the two conducting plates (both working and counter electrode) placed close to each other but separated by a different media. It is defined as
Where ε o is permittivity of free space, ε r is permittivity of DMEM, A is area of plate, and d is distance between the two electrodes.
From the experimental results before, an equivalent circuit for lung cancer cells was constructed. The impedance of the cells was calculated by using (6) below: (6) From this equation, the resistance and capacitance of the cells were calculated as difference of impedance between times 0 hour to 120 hours (Z 120 -Z 0 ) by using previous equations, (1) and (2), and then substituting into (7) . The impedance of control or media was assumed as constant value.
From the calculations, the equivalent circuit of the whole model was determined as below (Fig. 7) and the values as in Table I and Table II . In conclusion, the 100Hz frequency has been studied to be the optimum frequency to give the most sensitive impedance measurement on lung cancer cell lines, A549. Then, this study also showed that the sensitivity of the electrode can be increase with the reduction in the distances between the electrodes. The smaller the electrode's distance, the more sensitive the impedance biosensor constructed that can be used as a reliable diagnostic tool in clinical, pharmaceutical and environmental applications. In future, another aspect of electrode design can be studied such as the effect of electrode size, thickness and length toward sensor's sensitivity in order to optimize it making it more reliable diagnostic tool in clinical, pharmaceutical and environmental applications. 
